ABSTRACT When assessing the reproductive potential of laboratory-reared predatory insects, the role of males is often neglected, although they may have a signiÞcant impact on the reproductive output of their female mates. The current study investigated the effect of age and diet of males on the reproductive capacity of the anthocorid predator Orius laevigatus (Fieber) (Hemiptera: Anthocoridae). The tested diets consisted of eggs of Anagasta kuehniella (Zeller) and an egg yolk-based artiÞcial diet. Regardless of their diet, virgin females did not produce any mature oocytes, indicating that mating is required to complete ovarian development. Food source and age of the males affected the reproductive potential of their female mates. When both males and females were offered the artiÞcial diet, male age had a signiÞcant effect on female oocyte counts. Virgin females that were mated with 0-d-old virgin males produced fewer offspring than those mated with 8-d-old virgin males. In contrast, male age did not affect fecundity when the males were fed A. kuehniella eggs. The implications of the Þndings for the mass production of O. laevigatus are discussed.
Augmentative biological control of agricultural pests is still less practiced than chemical control, despite its marked growth since the Þrst commercialization of arthropod natural enemies in the late 1960s. The slow adoption rate of biological control is in part related to problems associated with the production and distribution of parasitoids and predators leading to high market prices (Bale et al. 2008) . As a result, numerous studies (see Riddick 2009 ) were carried out on insect rearing systems with the bigger aim of reducing production costs for biological control agents. The focus of these studies was mainly on the development of cheap factitious and artiÞcial foods as a replacement for the often more expensive natural foods that are still commonly used in commercial insectaries. The suitability of a diet is assessed by evaluating the developmental and reproductive performance of the produced insects. Quality control criteria for developmental, reproductive, and mobility traits of laboratory produced biological control agents have been proposed by the International Organization for Biological Control (i.e., the IOBC Quality Control Guidelines, van Lenteren et al. 2003) . Lifetime fecundity has often been used as a parameter to assess the quality of a natural enemy agent as a function of diet (Grenier and De Clercq 2003) , because a high fecundity will speed up its establishment in the crop.
The role of females in rearing systems for insect predators has received much more attention than that of males, because in many predators one male can fertilize several females. As a consequence, when developing diets for predators, the focus is primarily on females and males are often neglected. Nevertheless, it is widely recognized that in insects, males do affect offspring production by females. The effects of mating on female reproductive Þtness can be categorized in three classes: the act of mating per se, presence of sperm, and transfer of accessory substances (Arnqvist and Nilsson 2000) . Mating in itself may have positive and negative effects. It has several ecological and biological costs but it also can stimulate female egg production (Opp and Prokopy 1986 , Rowe 1994 , Watson et al. 1998 . The presence of sperm can, in some insect species, stimulate and in others inhibit egg production and female fertility (Nilakhe 1977 , Gromko et al. 1984 . The accessory substances that are transferred to the females together with the sperm can have numerous complex positive and negative effects in insects. Seminal ßuids can serve as nutrients, inßu-ence reproductive processes and protect females and their eggs from predation (Klowden 1999 , Sirot et al. 2006 . These substances are produced by the accessory reproductive glands of males and contain carbohydrates, lipids, amino acids, and amines and sometimes unexpected species-speciÞc materials such as uric acid, prostaglandins, juvenile hormones, and toxins (Gilliott 2003) . Some of the transferred peptides, such as the insect angiotensin-converting enzyme, can affect the mating behavior of the female or may inßuence the activity of the female oviduct (Tram and Wolfner 1998) . Yoshii et al. (2001) showed that some of the components of insect diets such as henÕs egg yolk may affect the function of those peptides.
The role of males in Orius spp. was studied by Mendes et al. (2003) and Leon-Beck and Coll (2009) . Both studies concluded that virgin females of Orius sp. do not lay eggs. Leon-Beck and Coll (2009) found that females of Orius laevigatus (Fieber) are monandrous; once females have mated, they avoid any additional mating. In contrast, males seem to be polygamous. Leon-Beck and Coll (2009) also reported that the female to mate Þrst with a male deposits more eggs than the following females.
Orius laevigatus (Fieber) (Hemiptera: Anthocoridae) is a biological control agent of thrips, spider mites, aphids, and whiteßies and has been commercially available since the 1990s (Chambers et al. 1993 , Montserrat et al. 2000 , Venzon et al. 2002 . Commercial mass production of this predator is generally done using eggs of the Mediterranean ßour moth, Anagasta kuehniella (Zeller), as food and plant materials such as bean pods as oviposition substrates. Several studies have focused on the development of more cost-effective, factitious foods and artiÞcial diets for this anthocorid predator (Arijs and De Clercq 2004 , De Clercq et al. 2005 , Bonte and De Clercq 2008 . The current study aimed at evaluating the inßuence of diet and age of male mates on the reproductive Þtness of O. laevigatus females.
Materials and Methods
Predator Colony. A culture of O. laevigatus was initiated with insects originally acquired from Biobest N.V. (Westerlo, Belgium). The insects were reared on A. kuehniella eggs and pollen and offered a sharp pepper, Capsicum annuum L. ÔCayenne Long SlimÕ plant as a source of moisture and an oviposition substrate. The colony was kept in a growth chamber at 23ЊC, 65 Ϯ 5% RH, and a photoperiod of 16:8 (L:D) h.
Diets. In all experiments, the predator was offered either a factitious food or an artiÞcial diet. The factitious food consisted of eggs of A. kuehniella, which were supplied in frozen form by Koppert B.V. (Berkel en Rodenrijs, The Netherlands). The ßour moth eggs were replenished every other day. The artiÞcial diet was a meridic diet developed for O. laevigatus by Arijs and De Clercq (2002) . This diet contained 3 g of casein, 2.5 g of casein hydrolysate, 2 g of soy hydrolysate, 3 g of lactalbumin, 30 g of fresh henÕs egg yolk, 3 g of soy oil, 1 g of peanut oil, 1 g of dextrose, 0.5 g of WessonÕs salt mix, 53.9 g of water, 0.06 g of a vitamin mix based on the vitamin composition of bovine liver (weight percentages: 25.4% nicotinic acid, 4.9% riboßavin, 0.5% thiamine, 1.5% vitamin B 6 , 12.4% Ca-pantothenate, 1% folic acid, 0.1% biotin, and 54.2% vitamin C), and 1 mg of vitamin E. The diet was kept at 4ЊC for a maximum of 7 d and encapsulated using an encapsulation device (USDAÐARS, Gainesville, FL) into hemispherical domes (70 l) consisting of stretched ParaÞlm M as described by Bonte and De Clercq (2008) . The artiÞcial diet was replaced daily.
Experiments. Adults of O. laevigatus used in the mating experiments had been reared as immatures on either diet. For treatments with the artiÞcial diet, Þrst instars (Ͻ24 h old) of the predator were individually isolated in plastic containers (5 cm in diameter, 2 cm in height), provided with a ParaÞlm dome with diet and a dome with tap water and allowed to develop to adulthood. For treatments with A. kuehniella eggs, fourth instars of O. laevigatus were taken from the stock colony and isolated into similar plastic containers to preclude cannibalism in the late nymphal stage and to prevent mating upon adult emergence. In all experiments, only virgin males and females were used.
In a Þrst experiment, the effect of diet on the reproductive potential of unmated females was tested. Freshly emerged females were offered the same food (A. kuehniella eggs or artiÞcial diet) as in their nymphal stages and were isolated in a 5-cm-diameter plastic container without a male. Nymphal survival and development of female nymphs fed artiÞcial diet were monitored daily. Female adults were weighed on a Sartorius Genius ME215P balance (Sartorius, Goettingen, Germany) upon adult emergence (Ͻ24 h old). After 8 d all females were dissected according to the method described by Bonte and De Clercq (2008) and oocytes were scored as a prediction of the reproductive capacity of the predator. All oocytes within the ovaries and oviducts were scored as follows: 1, late vitellogenic to mature oocyte; 0.5, early to mid vitellogenic oocyte, i.e., having minimum half the size of a mature oocyte; 0.25, previtellogenic oocyte, i.e., smaller than half the size of a mature oocyte; and 0, no observable oocyte. The scores of oocytes in the ovaries and oviducts were totalled up for each female to yield oocyte counts.
A second experiment assessed the inßuence of male age and diet on the reproductive potential of females. All females were fed artiÞcial diet throughout their nymphal development and adult life. Newly emerged virgin females were paired with 0-, 5-or 8-d-old virgin males that were fed either artiÞcial diet or A. kuehniella eggs during their nymphal and adult life. Females were monitored, weighed, and dissected as described above. Male adults were weighed just before being placed together with a female.
In a third experiment, the inßuence of male age and male diet on the oviposition of females was investigated. All females were offered artiÞcial diet during their nymphal and adult life. Upon emergence, virgin females were placed together with a virgin male in a Plexiglas container (9 cm in diameter, 4 cm in height) holding a C. annuum Cayenne Long Slim leaf, with its petiole placed in water as an oviposition substrate. Males were either 0 d old and reared on artiÞcial diet as nymphs and adults or 0 or 8 d old and reared on A. kuehniella eggs. Females and males were monitored and weighed as described above. Oviposition and egg hatch were monitored during the Þrst 25 d of female adult life. C. annuum Cayenne Long Slim were checked daily to determine preoviposition period.
Statistical Analysis. A one-way analysis of variance (ANOVA) was performed on the parameters developmental time, adult weight, preoviposition period, number of eggs oviposited after 25 d, and egg hatch; means were separated using Tamhane or Tukey tests (P ϭ 0.05) in cases of unequal or equal variances, respectively. Percentages of egg hatch were transformed using a square-root transformation before analysis. Developmental time, adult weight of females fed artiÞcial diet, and oocyte counts in the Þrst experiment were analyzed using a StudentÕs t-test. A KruskalÐWallis one-way ANOVA was carried out to determine differences in oocyte counts, and means were separated using a MannÐWhitney U test with Bonferroni correction (SPSS Inc. 2003) . A two-way ANOVA was conducted to evaluate whether diet had a different effect on adult male weight and oocyte counts of females when males were 0, 5, or 8 d old.
Results
In the Þrst experiment, developmental time (t ϭ Ϫ10.087, df ϭ 63.173, P Ͻ 0.001) and adult weight (t ϭ 15.533, df ϭ 87.533, P Ͻ 0.001) of females fed A. kuehniella eggs were superior to those of females that had developed on artiÞcial diet (Table 1) . Virgin females produced, irrespective of diet (t ϭ 0.944, df ϭ 30, P ϭ 0.353), no mature or vitellogenic oocytes during the Þrst 8 d of their adult life, but some previtellogenic and early vitellogenic oocytes were observed.
A two-way ANOVA showed a signiÞcant interaction effect between male age and diet on oocyte counts in the second experiment ( Table 2 ), indicating that diet of males inßuenced the effect of male age on oocyte counts. Both main effects had a signiÞcant impact on male weight. Males reared on A. kuehniella eggs were heavier than those reared on artiÞcial diet, and 5-d-old males were heavier than 0-d-old males. SigniÞcant differences were found for male adult weight (F ϭ 25.645; df ϭ 5, 90; P Ͻ 0.001) and oocyte counts ( 2 ϭ 26.432, df ϭ 5, P Ͻ 0.001) ( Table 3 ). The age of males reared on artiÞcial diet had a signiÞcant inßuence on the oocyte counts of females fed on artiÞcial diet. Females mated with 8-d-old males reared on artiÞcial diet had more than double the number of oocytes of those mated with 0-d-old diet-reared males. However, male age had no signiÞcant impact on the oocyte counts of the females when the males were offered A. kuehniella eggs. The reproductive potential of the females was not signiÞcantly affected by diet of the males although oocyte counts of females mated with a 0-d-old male reared on A. kuehniella eggs were almost double those of females mated with a newly emerged male that had developed on the artiÞcial diet.
In the Þnal experiment, preoviposition period (F ϭ 2.392; df ϭ 2, 42; P ϭ 0.104), number of eggs oviposited in 25 d (F ϭ 2.717; df ϭ 2, 57; P ϭ 0.075), and egg hatch (F ϭ 2.777; df ϭ 2, 41; P ϭ 0.074) were not signiÞcantly inßuenced by age or diet of the males (Table 4) . Adult weight of males was, however, signiÞcantly inßuenced by their diet (F ϭ 5.601; df ϭ 2, 57; P ϭ 0.006). Again, males reared on A. kuehniella eggs (0.38 mg) were signiÞcantly heavier than those that had developed on artiÞcial diet (0.33 mg).
Discussion
Virgin females fed A. kuehniella eggs or artiÞcial diet were unable to produce any vitellogenic or mature oocytes. This is consistent with the Þndings of LeonBeck and Coll (2009) that unmated females of O. laevigatus did not oviposit. Ito and Nakata (1998) also stated that unmated females of Orius sauteri (Poppius) and Orius minutus (L.) failed to lay eggs and that these females showed no ovarian development. In our study, however, ovaries of virgin O. laevigatus females did show some early development. This suggests that O. laevigatus females require mating to mature their eggs. In contrast, unmated females of the predatory mirid Macrolophus pygmaeus (Rambur) and the predatory pentatomid Podisus maculiventris (Say) are able to complete ovarian development and deposit a reduced number of sterile eggs Degheele 1997, Vandekerkhove et al. 2006) .
Age and feeding status of male mates may affect the reproductive output of females. Females mated with young virgin males produced fewer offspring than those mated with older virgin males, when males were fed on artiÞcial diet but did not when males were reared on A. kuehniella eggs. For some Orius spp., male Means Ϯ SE within a column followed by the same letter are not signiÞcantly different (P Ͼ 0.05; StudentÕs t-test).
a Number of females tested per treatment. adults emerge earlier than females, particularly at lower temperatures (Musolin et al. 2004, Musolin and Ito 2008) . Faster development of males might have an ecological signiÞcance: at the time females emerge, males are ready to mate with them (Musolin and Ito 2008) . This strategy is deÞned as temperature-regulated protandry (Boyd and Alverson 2004) . This trend disappears at higher temperatures, with females developing as fast as males. Consequently, at high temperatures males may not have fully matured at the time when females emerge. Garcṍa-González and Simmons (2005) found that young males of the cricket Teleogryllus oceanicus (Le Guillou) had a greater proportion of nonviable sperm than older males. Gromko et al. (1984) stated that the presence of viable sperm in the female reproductive tract of the fruit ßy Drosophila melanogaster (Meigen) stimulates egg production. Because older males possess more viable sperm, they may have thus a positive inßuence on the number of eggs oviposited by the female. The number of contractions of the male reproductive tract of 0-d-old males of the earwig Euborellia annulipes (Lucas) was considerably lower that that of 8-d-old males. Contractions of the male reproductive tract move the seminal ßuid along the reproductive system (Rankin et al. 2009 ). The age and diet of the males had no effect on hatching rate of the eggs, indicating that these factors have no inßuence on the quality of sperm. These Þndings are in line with De Clercq et al. (2005) and Bonte and De Clercq (2008) who reported that the diet offered to O. laevigatus pairs did not affect hatching rate of deposited eggs.
After the Þrst mating, female O. laevigatus avoid any additional matings, indicating that female O. laevigatus are in fact monandrous (Leon-Beck and Coll 2009 ). In addition, males start to mate immediately after adult emergence (TawÞk and Ata 1973) . This emphasizes the importance of the Þrst mating for females. In mass rearing systems using suboptimal foods such as artiÞ-cial diets, this may imply that allowing newly emerged males to mate with females may prevent those females from having further more successful matings, which may eventually lead to a decline in production capacity. Therefore, it may be advisable to place female adults together with sufÞcient amounts of older males, particularly in artiÞcial rearing systems. Thus, the proportion of older males should best exceed that of newly emerged males, increasing the chance for a female to mate with an older male. However, male fertility may decrease as the male ages (Price and Hansen 1998, Jones and , but further investigation is needed to determine whether and at what age the fertility of male Orius starts to decline. This would lead toward a slightly male-biased sex ratio in mass rearing systems for O. laevigatus, which is in line with the recommendations of Leon-Beck and Coll (2009) . They, however, suggested removing all males from the rearing system within 2Ð3 d after male emergence, because females maintained with males during their oviposition period had lower fecundities than those that were kept without males for the remaining oviposition period.
More research is needed to fully understand the impact of mating status of males on female reproduction. In the current study, only virgin males were used. Means Ϯ SE within a column followed by the same letter are not signiÞcantly different (P Ͼ 0.05; TamhaneÕs test ͓male adult weight͔ or MannÐWhitney U test ͓weighted sum of oocytes͔).
a All predators were offered the same diet during their nymphal and adult stages. b Number of couples tested per treatment. Means Ϯ SE within a column followed by the same letter are not signiÞcantly different (P Ͼ 0.05; TukeyÕs test ͓number of oviposited eggs in 25 d͔ or TamhaneÕs test ͓male weight and preoviposition period͔).
a All predators were offered the same diet during their nymphal and adult stages. b Number of couples tested per treatment. c Original data, transformed for analysis using ͌x. Leon-Beck and Coll (2009) (Partridge 1980 , Watt et al. 1986 , Crocker and Day 1987 , Moore 1994 , Hoikkala et al. 1998 ). However, the mating status of the female also may affect male mating choice. Males of the hide beetle Dermestes maculatus De Geer, e.g., show a preference for virgin females and discriminate mated females (McNamara et al. 2004 ).
